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MECHANICAL ALLOYING OF A
HYDROGENATION CATALYST USED FOR
THE REMEDIATION OF CONTAMINATED

COMPOUNDS

CROSS-REFERENCE TO RELAT
APPLICATIONS

T
»

The application 1s a divisional application claiming the
benefitof U.S. patent application Ser. No. 11/749,767 filed on
May 17, 2007, which 1ssued as U.S. Pat. No. 7,842,639 on
Nov. 30, 2010, which further claims the benefit, under 35
U.S.C. §119(e), of U.S. Provisional Application Ser. No.
60/747,681 filed May 19, 2006, the contents of which are

incorporated herein by reference.

ORIGIN OF INVENTION

The mvention described herein was made in the perior-
mance of work under a NASA contract and by an employee of
the United States Government and 1s subject to the provisions
of Public Law 96-517 (35 U.S.C. §202) and may be manu-
factured and used by or for the Government for governmental

purposes without the payment of any royalties thereon or
therefore.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method for making a
hydrogenation catalyst having a base material coated with a
catalytic metal using mechanical milling techniques. This
method produces a hydrogenation catalyst that may be used
tor the remediation of a plurality of contaminated materials,
including, but not limited to, polychlorinated biphenyls.

2. Description of Related Art

The class of 209 aromatic chlorinated molecules resulting
from the attachment of up to ten chlorine atoms to a biphenyl
1s collectively known as polychlorinated biphenyls (PCBs).
Generally, PCBs are known to have the chemical structure
C,.H,,.,,Cl and, in addition to other chlorinated synthetic
aromatic compounds, are of great concern due to their toxic-
ity and persistence i the environment. Among the properties
ol these synthetic colorless liquids are high chemical stability,
low flammability, low thermal and electrical conductivity,
and low solubility 1n water.

Twenty-nine years following the 1976 Toxic Substances
Control Act (TSCA) ban on their manufacture, PCBs remain
a continued environmental threat. Their persistence owes to
the very high chemical stability of these molecules. Prior to
the TSCA ban, these favorable properties were exploited in a
variety ol applications including paint stabilizers, trans-
former oils, capacitors, printing 1nks, and pesticides.

Toxicity evidence was found adequate to justity TSCA
regulation; however, the debate over the extent of PCB tox-
icity on orgamisms remains heated. PCBs are known to bio-
accumulate and concentrate 1n fatty tissues. Studies suggest
increased incidences of cancer with long-term PCB exposure.
These studies are arguably imnconclusive as they mvolve the
simultaneous analysis of multiple congeners. Further compli-
cations arise from the potential for contamination of commer-
cial mixtures with other more toxic chlorinated compounds
such as polychlornated dibenzodioxins (PCDDs) and poly-
chlorinated dibenzofurans (PCDFs).
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Until recently, only one option was available for the treat-
ment of PCB-contaminated materials, incineration. This,
however, may prove to be more detrimental to the environ-
ment than the PCBs themselves due to the potential for for-
mation of PCDDs. PCDDs have been shown to exist at abnor-
mally high levels i proximity to incinerators burnming
chlorine-contaminated materials. Cancer rates have also been
“well correlated” to both dioxins and proximity to chlorine-
contaminated waste burning incinerators. The temperature
required to incinerate PCB-contaminated material may be up
to 1200° C. Additionally, 1t 1s expensive to incinerate the
PCB-contaminated material and to transport contaminated
material.

An alternate approach that has been used to treat PCB-
contaminated materials 1s bioremediation. This 1s accom-
plished by the reductive dechlorination of PCBs by anaerobic
microorganisms. However, this usually results 1n an 1ncom-
plete removal of PCBs. Furthermore, specific conditions are
required for bioremediation and are not always seen 1n con-
taminated sites.

Solvent extraction has also been used to treat PCB-con-
taminated materials. Organic solvents are used to extract
contaminated matrix. However, extraction 1s only applied
ex-situ and the PCBs are not actually destroyed but trans-
ported to another media that has to be further treated.

Base-catalyzed decontamination has been used to treat
PCB-contaminated maternal by adding NaHCQO; or NaOH to
the media. However, this remediation process 1s only applied
ex-situ due to operating temperatures.

Metals have been used for the past 10 years for the reme-
diation of halogenated solvents and other contaminants in the
environment; however, zero-valent metals alone do not pos-
sess the activity required to dehalogenate PCBs.

Recent literature reports the rapid and complete reductive
dechlorination of PCBs using palladium coated 1ron (Pd/Fe)
or magnesium (Pd/Mg) 1n aqueous medium. The use of these
bimetallic particles for dechlorination relies on the reduction
potentials of magnesium or 1ron coupled with the hydroge-
nation-type catalytic activity of palladium. The current tech-
niques for preparing Pd/Fe material provides for the easy
preparation of the matenal using pallameres. Although the
Pd/Mg matenal has a greater thermodynamic driving force
and forms a self-limiting oxide layer to prevent extensive air
oxidation, this material cannot be easily prepared with pal-
lamerse. Therefore, a process for making palladized zero-
valent metals using cost-effective and eflicient techniques
would be valuable.

Comminution theory 1s principally concerned with reduc-
ing the average size of particles 1n a sample of crystalline or
metallic solid; however, 1t can also be used to understand
mechanical alloying of particles. To accomplish either of
these tasks, the most commonly used processes involve ball
milling, vibrational milling, attrition, and roller milling.

Ball milling 1s a process 1n which a material 1s loaded 1nto
a canister partially filled with milling balls. The canister 1s
then rotated at high speed on 1ts major axis so that the balls are
held by centripetal force to the inside wall until they reach the
highest point inside the canister. Gravitational force then
exceeds the upward force of the balls and they fall to the
bottom of the canister where they impact other balls and the
canister wall.

If some milling material 1s pinched between the partici-
pants 1n one of these collisions and the collision 1s of adequate
energy, then the particles are fractured into smaller particles.
It should also be noted that a certain critical speed of rotation
1s necessary for this process to occur. Atlower speeds the balls
will simply roll over one another and at extremely high speeds
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their upward force will exceed gravity at all points 1nside the
canister and the balls will stick to the canister wall. The
approximate critical speed of any ball mill 1s given below and
1s usually on the order of about 250 RPMs,

N_=7.05/(D'?4)

where N_=critical speed and D=milling canister diameter

Vibrational milling 1s a process similar to ball milling
except that the milling vessel 1s vigorously shaken 1n a back
and forth motion or 1n a back in forth motion in conjunction
with a lateral motion that produces a “figure 8 path. This type
of milling relies solely on the extremely high-energy colli-
sions between rapidly moving milling balls rather than the
collisions between the balls and the canister wall, as
described for ball milling. Since vibrator mills can often
shake canisters at a rate of approximately 1200 RPMs, often
producing ball speeds of upwards of 5 m/s, vibrational maill-
ing commonly yields the desired reduction 1n particle size at
a rate one order of magnitude faster than that of ball milling.

Two other less common types of milling are attrition maill-
ing and roller milling. These processes are not commonly
seen 1n laboratory settings but are often seen 1n industrial
work. Attrition milling relies on rapidly spinning paddles to
stir the milling balls present in the milling vessel. The rate of
s1ze reduction observed 1s often similar to the rate of reduc-
tion observed for vibrator mills of similar size; however, due

to the necessity of a cooling system this type of milling 1s
often limited 1n 1ts capabailities to systems that can be milled 1n
liquid media.

Roller milling 1s a process that relies on fracturing caused
by stress induced in the system from the compression of
materials between two rolling bars or cylinders. It 1s most
often used for reduction of very coarse materials into less
coarse materials that can later be reduced i size by other
means. The previous two systems are not discussed quantita-
tively.

For all milling types (other than roller milling), the reduc-
tion of particle size relies on stresses mnduced 1n 1ndividual
particles caused by collisions within the milling vessel. This
process reduces the average particle size until equilibrium 1s
reached, at which point no further size reduction is observed.
This phenomenon can be explained 1f one considers crystal
matrix impurities as the cause of fracture. As each fracture
occurs at the point or plane of an impurity that disrupts the
crystal structure, that particular discontinuity disappears, thus
the average number of impertections in the crystal structure
of each particle 1n the sample reduces. Since the crystal struc-
ture of each particle in the sample becomes more perfect each
time a fracture occurs, at some point the particles will exhibit
a near periect crystalline structure. At this time, the collisions
within the mill will no longer be of adequate energy to cause
fracture and the size equilibrium will be reached.

Another explanation for this phenomenon arises from the
fact that 1t 1s more difficult to inflict upon smaller particles the
necessary sheer required to cause fracture. This can be
explained by the observation that the probability of a milling
ball impacting a particle with the necessary directional veloc-
ity 1s reduced when the particle 1s smaller. Additionally,
smaller particles have a higher surface activity and therefore,
have a greater probability of being re-welded to form larger
particles.

The equilibrium size of the particles in a milling batch has
been the topic of much research and one of the more straight-
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4

forward methods for calculating this size, based on a number
of variables, follows and can be applied to all types of milling:

W=mass of particles with surface area=Ss

W) = Z ﬂIUE_Sj " where

J=1

0 for i< j-

i

W) - > ay

fori=j
k=1
;

I

y
1

Sy bik Ay for i > ‘j'
k=j

1
S; -8

By =y(x; /2 (x; /)P + (L —y)c; /) (/%)
S;=K(x;/x)"

To use this equation, the desired mass of reduced size par-
ticles and the size of these particles 1s specified to yield the
milling time required for achieving these parameters. Solving
this series however, involves the use of many constants, which
must be determined through calibration experiments using
materials for which the constants are already known.

In other areas of research, such as mechanical activation of
reactants 1n a milling vessel, researchers are focused more on
the rate of particle size reduction as opposed to the average
particle size of the end product. In general, the rate at which
a mill reduces the average size of the particles being milled 1s
a function of the probability of any particle being trapped
between the participants in the above stated types of colli-
sions when those collisions possess the energy necessary to
fracture a particle. This focus has produced a number of
functions, which have been supported empirically, to deter-
mine the rate of particle size reduction. A few of the more
general examples are shown below for ball milling and vibra-
tional milling.

In terms of the change 1n total surface area of matenials

For Ball Milling,

as
for/ =1 M— =
dt

kl.XU 1278
’ 1.7 122, B+1 —
0.50k) K’ ¢pLId " D**x° U[l 1-1%(}/@@] }

aSs
for U >1 M— =
di

(U +ky — 1)x]1f2}1-5

1.1k K LI D xP 1~ 1.1
2 K¢ A T Y ppdD

For Vibrational Milling

71.5

ds '
M— = 0.6k} K’ J* LD*d 2 awbx® U

These equations are applicable only when U=1.
where,
U=volume of particles in mill/(volume of mill-volume of

balls)
n=0.4d°x"U
n=number of particles per ball, dimensionless
S=specific surface of particles, sq.cm./g.
¢=ratio of mill speed to critical one, dimensionless
L=length of mill, cm.
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J=tractional ball filling of mill, dimensionless
d=diameter of ball, cm.

D=diameter of mill, cm.

X, X'=particle size, cm.

Y=modulus of elasticity of materials, g./sq.cm.

and all other terms are constants relating to the matenal
being milled
Since these equations are often difficult to use, empirical
studies of milling variables may prove to be more useful.

In general, 1t can be seen that the rate of particle reduction
in vibrational milling 1s much greater than in ball milling.
Additionally, for all types of milling, rate increases with ball
density and 1s greatest when the mill filling ratio (volume of
material to be milled/volume of muill) 1s approximately
10-20% while the volume occupied by muilling balls 1s
approximately 40-60% of the total mill volume.

In the case where one wishes to mechanically alloy mate-
rials, the previously discussed theories apply, however sev-
eral additional topics must also be considered. Mechanical
alloying 1s a high-energy milling process for producing com-
posite materials with an even distribution (though not homo-
geneous 1n the rigorous sense) of one material into another.
By definition, at least one of the materials must be metallic to
be considered an alloy; however, the topics discussed here can
be applied to non-metallic materials as well. Two systems will
be discussed; Malleable-Malleable and Brittle-Malleable.

In a malleable-malleable system such as the milling of two
soit materials, like sodium and gold, ball-powder-ball colli-
s1ons 1nitially reduce the size of both materials until the aver-
age active surface area of each particle 1n the sample 1s large
enough for re-welding to occur. When this critical surface
area 1s achieved, 1n a particle, re-welding can occur between
two similar particles or two dissimilar particles. If re-welding,
occurs between two similar particles, the net process results
in no change of the material nature. If re-welding occurs
between two dissimilar particles an alloy particle 1s created.
This alloy particle can then undergo further fragmentation
along alternative planes and subsequently be re-welded mul-
tiple times. The longer this process 1s allowed to take place,
the more dissolved one material becomes 1n the other.

In a brittle-malleable system such as palladium and mag-
nesium, the more ductile magnesium 1s nitially flattened
while fragmentation of the more brittle palladium occurs.
With further milling, the ductile material occludes brittle
fragments leading to an individual particle composition of the
starting mixture. Depending on the solubility of the brttle
phase, continued milling may result 1n near chemical homo-
genelty.

These processes can be carried out using any type of mull
however the lower energy route, ball milling, will require
much longer milling times to produce a well-distributed alloy.
This can be easily explained using theories already discussed.
Simply put, ball milling produces relatively few collisions,
most of which are relatively low 1n energy, while vibrational
milling produces an abundance of very high-energy collisions
of grinding material. Since high-energy collisions are neces-
sary for alloying to occur vibrational milling produces the
desired result with a greatly enhanced rate.

SUMMARY OF THE INVENTION

The present invention 1s directed to a method for making a
hydrogenation catalyst using mechanical milling techniques.
The hydrogenation catalyst includes a base material coated
with at least one catalytic metal. The base material 1s prefer-
ably a metallic and/or mineral material. Most preferably, the
base material 1s a zero-valent metal. Hydrogenation catalysts
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having metallic base materials have been shown to act as an
excellent catalyst for the dechlorination of polychlorinated
biphenyls (PCBs) and other halogenated aromatic com-
pounds. Although previous methods for plating the base
material have been used, these prior methods have proven to
be 1neflicient and not cost effective. It has been discovered

that mechanical milling techniques can be used to produce a
hydrogenation catalyst capable of dechlorinating PCBs and
other halogenated aromatic compounds. The mechanical
milling technique 1s simpler and cheaper than previously used
methods for producing hydrogenation catalysts.

Most preferably, the hydrogenation catalyst 1s a bimetallic
particle formed from a zero-valent 1ron (Fe) or zero-valent
magnesium (Mg) particle coated with palladium (Pd) that 1s
impregnated onto a high surface area graphite support. In a
preferred embodiment, the zero-valent metal particles are
microscale or nanoscale zero-valent magnesium or zero-va-
lent 1ron particles. Preferably, the microscale particles would
have a diameter 1n the range of 1-3 microns. Whereas, the
preferred nanoscale particles would have a diameter in the
range of 20-300 nm. It should be understood that other zero-
valent metal particles and combinations may be used. Addi-
tionally, the base material may be selected from a wide variety
of minerals 1including, but not limited to, alumina and zeo-
lites. The catalytic metal 1s preferably selected from the group
consisting ol noble metals and transition metals. The pre-
terred catalytic metal 1s palladium. The preferred mass per-
cent palladium by weight ranges from approximately 0.08-
8%, but higher and lower ranges could still yield positive
results. Additional catalysts include, but are not limited to,
nickel and zinc impregnated into a high surface area conduc-
tive support.

The mechanical milling process includes milling the base
material with a catalytic metal impregnated nto a high sur-
face area support to form the hydrogenation catalyst. In a
preferred mechanical milling process, a zero-valent metal
particle 1s provided as the base matenal preferably having a
particle size of less than about 10 microns, preterably 0.1-10
microns or smaller, prior to milling. In a preferred mechanical
milling process, the catalytic metal 1s supported on a conduc-
tive carbon support structure prior to milling. For example,
palladium may be impregnated on a graphite support. Other
support structures such as semiconductive metal oxides may
also be used. The zero-valent metal particle (e.g. microscale
magnesium) 1s preferably ball milled with 1-10% palladium
supported on carbon. The preferred mass percent palladium
by weight coating the zero-valent metal particle ranges from
approximately 0.01-15%, and more preferably 0.08-8%.

U.S. Pat. No. 7,008,964, the contents of which are incor-
porated herein by reference, discloses a method for using the
hydrogenation catalyst for remediating natural resources.
However, the hydrogenation catalyst prepared using the
present mechanical milling techmque may also be used 1n
other remediation methods known 1n the field of PCB decon-
tamination. Furthermore, it should be understood that other
remediation techmques suitable for hydrogenation could ben-
efit from the present hydrogenation catalyst. For example, the
present hydrogenation catalyst may be used for remediating,
industrial chemicals.

BRIEF DESCRIPTION OF THE DRAWINGS

The features and advantages of the present invention will
become apparent from the following detailed description of a
preferred embodiment thereolf, taken in conjunction with the
accompanying drawings, 1n which:
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FIG. 1 1s an electron micrograph of a bimetallic particle
milled for 1.5 hours beyond the optimum milling time;

FI1G. 2 1s an electron micrograph of a bimetallic particle in
accordance with the present invention milled for an optimum
time period;

FIG. 3 1s a graph showing the activity of the bimetallic
particle over different % Pd in the bimetallic for the optimi-
zation of Pd mass loading; and

FI1G. 4 15 a graph showing the rate constant of the bimetallic
particle over different milling times for the optimization of
milling parameters.

DETAILED DESCRIPTION OF THE

INVENTION

The present 1invention 1s directed to a mechanical milling
method for making a hydrogenation catalyst having a base
material coated with at least one catalytic metal that 1s
impregnated onto a high surface area support. A variety of
mechanical milling techniques may be used including, butnot
limited to, ball milling, vibrational milling, attrition milling,
and roller milling. The hydrogenation catalyst may be used
for the dechlorination of chlorinated hydrocarbons, such as
polychlormated biphenyls (PCBs), or for the hydrogenation
ol other industrial chemicals.

The hydrogenation catalyst 1s preferably a bimetallic par-
ticle formed by mechanically milling a zero-valent metal with
a supported catalytic metal to produce a zero-valent metal
particle coated with the catalytic metal. Zero-valent metals
are known 1n the industry as metals in their elemental state.
Although metallic base matenals, such as zero-valent metal
particles are preferred, minerals may also be used as the base
material. Preferred mineral base materials include, but are not
limited to, transition metal oxides. When using the preferred
zero-valent metal as the base material, 1rron or magnesium 1s
preferred. The catalytic metal 1s preferably palladium. How-
ever, 1t should be understood that other zero-valent metals and
catalytic metals, such as nickel and zinc impregnated on a
conductive support, may be used. It should be understood to
one of ordinary skill in the art that the preferred metallic base
material may include other metallic materials other than zero-
valent metal particles. Additionally, one of ordinary skill in
the art would appreciate that in addition to the formation of
bimetallic particles, other multi-metallic particles may also
be fabricated using the present mechamical milling technique.

The hydrogenation catalyst 1s preferably a catalyzed zero-

valent metal particle optimized for use 1n the treatment sys-
tem and preferably comprises about 0.1% palladium (Pd)
impregnated onto a graphite support on zero-valent magne-
stum (Mg), referred to herein as a Pd/Mg bimetallic.
Although, other magnesium-containing bimetallic particles
have also been shown to be effective, for example nickel (N1)
supported on graphite and then milled onto magnesium (Mg).

In a preferred embodiment, the hydrogenation catalyst1s a
bimetallic particle including a zero-valent magnesium metal
coated with graphite supported palladium, herein referred to
as a Pd/Mg bimetallic, as it has several advantages over other
bimetallic particles. However, a second preferred bimetallic
particle 1s a zero-valent 1ron metal coated with graphite sup-
ported palladium. One advantage that the Pd/Mg bimetallic
has over other bimetallic particles 1s the ability to dechlori-
nate in the presence of oxygen. The zero-valent magnesium or
iron acts as a reductant (electron donor) for the removal of
chlorine thus, another advantage arises from the greater ther-
modynamic driving force of magnesium versus 1ron, as dem-
onstrated by a comparison of reduction potentials:

Mg?t+2e-—Mg E’=-2.20V vs. SHE

Fe’*+2e——Fe"E’=-0.44V vs. SHE
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Classically, the preferred graphite supported palladium
catalyst acts as a hydrodehalogenation catalyst by dissociat-
ing hydrogen gas (formed from the reaction of Mg" or Fe"”
with water or another proton donor), that 1s adsorbed onto the
palladium surface, to produce atomic hydrogen. The follow-
ing 1s the proposed dechlorination reaction:

M°+2H,0—=M**+H,+20H"
or,
M°+2HOR —-M**H,+2RO"™

2RCI+2H.(dissociated on catalyst surface)—=2RH+CIL,

The overall reaction may be expressed as followed

CoH,ClL{a @) +(x+y)MO()+(x+y)H (ag)—CpH
(ag)+(x+y)M*(s)+(x+y)Cl(ag)

In this scheme the reaction products are biphenyl and chloride
ions, however, the mechanism for hydrodehalogenation of
PCBs to biphenyl by these bimetallic particles has not yet
been fully determined. Recent studies, though, have con-
cluded that the process 1s step-wise. Additionally, some stud-
1ies have shown that decomposition of biphenyl 1s possible.

Previous attempts to prepare bimetallic particles relied on
clectro-deposition to provide the desired bimetallic particle.
For example, bimetallic particles were previously prepared
by the deposition of palladium onto the magnesium surface
by reaction of zero-valent magnesium with palladium acetate.
However, to produce reasonable kinetics 1n this previous
technique, a 4% palladium coating was required. Since this
was not cost effective, mechanical alloying was attempted.

The following Examples are preferred embodiments for
making a Pd/Mg bimetallic using a mechanical milling tech-
nique. However, it should be understood that a hydrogenation
catalyst may be made including different base materials and
catalytic metals supported on a conductive media as provided
herein using similar mechanical milling techniques without
departing from the scope of the present invention. Further-
more, the Examples provide a preferred embodiment of
mechanical milling that may be varied by one of ordinary skall
in the art. Not only may other mechanical milling techniques
be used, but other operating conditions may be used to pro-
vide a hydrogenation catalyst in accordance with the present
invention.

EXAMPL

L1

Small-Scale

The first attempts at producing active mechanically alloyed
Pd/Mg bimetallic were carried out using a Spex Centiprep
8000 high-energy vibrator mill. Ball-to-mass ratios and load-
ing levels were not considered while semi-optimizing the
process. Milling time and percent palladium were the only
variables considered. Using 6 g total mass milling material
with three 10 g stainless steel milling balls 1n a 54.5 mL.
Tungsten Carbide milling vessel filled under N, was found to
be the optimum condition for producing the Pd/Mg bimetal-
lic.

The dechlornation ability of the bimetallic particles was
analyzed for optimization. Crimp top vials were set up with 1
g neat bimetallic particles and 10 mL 6 ppm Arochlor 1260
water solution. The system was allowed to react for a given
time and extracted in hexane. The extraction method was
conducted by placing the samples 1n an ultrasound bath for 30
minutes prior to the extraction. 5 mL of hexane was added to
the vial. The vial was then placed 1n the ultrasound bath for an
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additional 30 minutes. The vials were removed from the bath
and centrifuged for 1 minute. The hexane layer (5 mL) was

drawn off. All the samples were then dried with Na,SQO,.

The biphenyl production was monitored over time using,
GC-FID. However, the PCB remediation was difficult to
quantify because biphenyl has been shown to breakdown 1n
this system. Therefore, the results were qualitative at best.

A 1% Pd on graphite was found to be more cost effective
with comparable activity for a given bimetal composition.
Optimum bimetallic particle composition was found to
include 0.083% Pd. Optimum milling time was found to be 3
minutes. For the purposes of producing a catalytically acti-
vated Pd/Mg bimetallic, relatively short milling times were
initially used, with the high-energy vibrator mill previously
described, to avoid complete dissolution of the small quantity
of brittle palladium 1nto the large quantity of malleable mag-
nesium. It was then determined after several attempts at pro-
ducing active material that six grams of bimetal (0.083%
Palladium:99.917% Magnesium), matched the reactivity of a
(4% Palladium:96% Magnesium) bimetal produced from the
clectro-deposition described above. The bimetallic particle
produced using the mechanical milling technique appeared to
work as well or better than bimetallic particles prepared from
pallamerse. This was much more economical, however mass
production of the bimetallic particle was impossible using a
mill that produced only six grams of material at one time. An
eificient large-scale mechanical process for preparation of the
bimetallic particles was necessary to upgrade to a field-scale
project and will be discussed 1n greater detail below.

EXAMPLE

Large Scale

For the scale up, a paint shaker fitted with custom plates to
hold the milling canisters was chosen as the mill engine.
Tungsten carbide 1s used as the milling vessel material in most
high-energy, small-scale mills because 1t 1s extremely durable
and does not break down over time or cause the introduction
of contaminates into the milling material. The use of an
extremely durable milling vessel was not necessary in this
case because the introduction of some contaminates would
not appreciably affect the reactivity of the metal, thus galva-
nized steel pipes (purchased from Ace Hardware with internal
diameter-3.03 cm, length-17.8 cm) with steel end caps were
used. Steel ball bearings (mass-22.3 grams each, volume-1.6
cm” each) were chosen as the grinding matrix. Since the paint
shaker chosen operates at approximately 600 RPMs (as
opposed to 1250 RPMs observed for the Spex Centi-prep)
longer milling times were necessary.

It has already been shown that, most often, the optimum
rate of comminution 1s observed when milling canisters are
filled 40-60% with grinding materials and 10-20% with par-
ticulate material, by volume. Optimization was begun within
these parameters, however the goal of optimization was not to
produce the smallest particle size possible in the least amount
of time, rather the goal was to produce activated Pd/Mg
bimetallic for the degradation of PCBs in the least amount of
time possible.

Optimization of the milling procedure was carried out by
varying: the number of balls used, the quantity of Pd/Mg
milled, and the length of time that the mill was run. Each
variable was 1solated and varied while leaving all other
parameters constant and set at the middle point of each vari-
able range. For instance, to determine the most effective
milling time, the canister was filled 50% with ball bearings
and 15% with the palladium and magnestum mixture. The
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material was milled for varying periods of time then tested for
elfectiveness at degrading PCBs. The optimum milling time
was found and other variables were isolated 1n a similar
manner while keeping the milling time constant.

The activity of each metal produced was tested for PCB
dechlorination capacity as follows. Two gram samples of
Pd/Mg bimetallic were placed into 20 mL screw cap vials,
purchased from I-Chem, along with 10 mL of 6 ppm aqueous
1254 Arochlor solution that was prepared from 35000 ppm
Methanol-Arochlor solution, purchased from Accustandard.
These solutions were allowed to react while samples were
pulled over time to monitor PCB degradation. The PCBs were
extracted from solution by adding 5 mL Fischer Scientific
HPLC grade Hexane to each vial then shaking the mixture for
1 minute. The Hexane layer was then removed and PCB
concentration 1n the hexane was analyzed with an HP-5890

Series II Plus GC-ECD with an RTX-1 30 meter column,
using EPA method 3050B.

With the above-stated optimized muilling process, the
dechlorination of PCBs in the Arochlor solution was able to
be completed within 24 hours of 1nitial contact. Additionally,
it was determined that longer milling times actually reduced
the rate of dechlorination. As can be seen from the electron
micrographs shown in FIG. 1 and FIG. 2, longer milling times
cause the palladium (smaller white particles) to be com-
pletely embedded into the magnesium (large gray particles),
thereby producing less active surface. FIG. 1 shows a bime-
tallic particle milled for 1.5 hours beyond optimum time. FIG.
2 shows a bimetallic particle milled for optimum time period.

In order to analyze the ability of the bimetallic system to
degrade PCBs, a GC system with electron capture detector
was used. This allowed for the direct observation of PCB
concentration. Since this apparatus 1s more sensitive, it
allowed for a more accurate measurement. The experimental
setup was similar to the setup used 1n the small-scale analysis.
Single congeners were used for some studies due to the ease
ol analysis versus Arochlor mixtures. The study was com-
pleted in methanol instead of water to allow for high PCB
concentrations.

Using optimized milling time ball-to-mass ratio and can-
ister loading, 0.012, 0.059, 0.083, 0.11, and 0.016% Pd
bimetal was prepared and tested for degradation rate as fol-
lows:

0.10 g bimetal placed 1n septa top glass vial

10 mL 10 ppm Arochlor 1254 methanol solution added

allowed to react for given period of time

extracted with toluene

analyzed on Perkin Elmer Autosystem XL GC-ECD.

It was difficult to quantily the degradation of PCB mixtures
since dechlorination 1s shown to be stepwise through mass
spectral studies. However, the change over time 1n individual
parent:dechlorinated-product congener ratio was monitored
as a measure of activity, see FIG. 3. The results of the study
showed that 0.083% Pd bimetal was found to be the most
reactive.

Using optimized Pd loading, ball-to-mass ratio, and canis-
ter loading the milling time was varied and activity of product
metal was tested for degradation rate as follows:

0.25 g bimetal placed 1n septa top glass vial

10 mL 10 ppm PCB-151 methanol solution added

allowed to react for given time period

extracted with toluene

analyzed on Perkin Elmer Autosystem XL GC-ECD

PCB concentration monitored over time to obtain pseudo
first order rate constant.

FIG. 4 provides the results that a 30-minute mill time was
found to produce the most active bimetal.
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Although the present invention has been disclosed in terms
ol a preferred embodiment, 1t will be understood that numer-
ous additional modifications and varnations could be made
thereto without departing from the scope of the invention as
defined by the following claims:

We claim:

1. A hydrogenation catalyst comprising,

a base material capable of generating hydrogen when in
contact with a proton donor, wherein said base material
has a particle size of 0.1-10 microns and

a hydrodehalogenation catalyst coated on said base mate-
rial, wherein said hydrodehalogenation catalyst is a sup-
ported catalytic metal including at least one catalytic
metal supported on a high surface area conductive or
semi-conductive support.

2. The hydrogenation catalyst of claim 1, wherein said

catalytic metal 1s palladium.

3. The hydrogenation catalyst of claim 1, wherein said base
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4. The hydrogenation catalyst of claim 3, wherein said base
material 1s a zero-valent metal particle.

5. The hydrogenation catalyst of claim 4, wherein said
zero-valent metal particle 1s selected from the group consist-
ing of zero-valent 1ron and zero-valent magnesium.

6. The hydrogenation catalyst of claim 4, wherein said
zero-valent metal particle 1s coated with 0.01-135 wt. % said
supported catalytic metal.

7. The hydrogenation catalyst of claim 3, wherein said base
material 1s selected from the group consisting of transition
metal oxides and 1ron oxides.

8. The hydrogenation catalyst of claim 3, wherein said
catalytic metal 1s palladium.

9. The hydrogenation catalyst of claim 1, wherein said
support 1s a conductive carbon support.

10. The hydrogenation catalyst of claim 9, wherein said
conductive carbon support 1s graphite.

11. The hydrogenation catalyst of claim 9, wherein 0.1-
10% catalytic metal i1s supported on a conductive carbon
support.
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